The remarkable ability of our vision to function under ever-changing conditions of ambient illumination is mediated by multiple molecular mechanisms regulating the light sensitivity of rods and cones. One such mechanism involves massive translocation of signaling proteins, including the G-protein transducin, into and out of the light-sensitive photoreceptor outer segment compartment. Transducin translocation extends the operating range of rods, but in cones transducin never translocates, which is puzzling because cones typically function in much brighter light than rods. Using genetically manipulated mice in which the rates of transducin activation and inactivation were altered, we demonstrate that, like in rods, transducin translocation in cones can be triggered when transducin activation exceeds a critical level, essentially saturating the photoresponse. However, this level is never achieved in wild-type cones: their superior ability to tightly control the rates of transducin activation and inactivation, responsible for avoiding saturation by light, also accounts for the prevention of transducin translocation at any light intensity.
Introduction
Vertebrate vision has a remarkable ability to adapt its speed and sensitivity to the dramatic changes in ambient light intensity that take place during a normal diurnal cycle (Rodieck, 1998) . This is achieved in part by the two types of photoreceptors, rods and cones, optimized to operate under different illumination conditions. Rods are extremely sensitive to light and function as ultimate singlephoton detectors. However, their overall contribution to visual experience is markedly diminished at the light intensities sufficient for color perception and their photoresponses could be completely saturated in bright daylight. Cones have much lower light sensitivity than rods, but they produce faster responses and adapt to light more efficiently. These properties allow cones to avoid response saturation under any natural conditions of illumination and to provide higher temporal resolution of vision than rods.
Persistent light exposure induces adaptive changes in both rods and cones, leading to a reduction in response sensitivity and an increase in response kinetics. However, there are distinct differences in the underlying mechanisms (Fu and Yau, 2007; Mustafi et al., 2009) . For example, exposure of rods to steady, bright illumination causes a massive translocation of the G-protein transducin from the rod outer segment compartment, where visual signal transduction takes place, to other parts of the rod cell (Brann and Cohen, 1987; Philp et al., 1987; Whelan and McGinnis, 1988; Sokolov et al., 2002) . Transducin is a key component of the phototransduction pathway, and the rate of transducin activation by the photoexcited visual pigment is a critical parameter determining the sensitivity of the photoresponse. Consequently, transducin translocation from rod outer segments causes a reduction in light sensitivity, which allows rods to operate under lighting conditions that would otherwise saturate their photoresponses (Sokolov et al., 2002) . Cones naturally operate in brighter light than rods and would appear to benefit from such a mechanism even more than rods. Yet, practically all efforts to document transducin translocation in cones have failed (Elias et al., 2004; Kennedy et al., 2004; Coleman and Semple-Rowland, 2005; Rosenzweig et al., 2007) ; see, however, Chen et al., 2007) . This suggests that the ability of cones to avoid response saturation in bright daylight is based on alternative molecular mechanisms.
In rods, transducin translocation requires its activation level to exceed a critical threshold (Lobanova et al., 2007) , and we now demonstrate that the same principle applies to cones. Genetic manipulations increasing the rate of cone transducin activation or decreasing the rate of its inactivation allowed robust lightinduced translocation of both transducin subunits. However, we also show that the light intensity triggering cone transducin translocation in these animals completely suppressed the ability of cones to generate any further light responses. Therefore, our study reveals that the lack of transducin translocation in cones and their avoidance of "blinding" by bright light both rely on the same fundamental principle: the ability of cones to keep the amount of activated transducin below the translocation thresh-old by tightly controlling the activation/inactivation cycle of transducin under essentially any level of ambient illumination.
Materials and Methods
Antibodies. Anti-peptide antibodies against mouse G␣ tc and G␥ 8 were generated in rabbits at the Duke University facility using the peptides CGIDYAEPSCADAGRQLNNL and CKEVKNPRDLISKTGVK, respectively, conjugated to KLH. The antibodies were affinity-purified from rabbit serum using the same peptides coupled to the Sulfolink Plus column (Pierce Biotechnology) according to the manufacturer's instructions. Note that the commonly used antibody against G␣ tc (SC-390, Santa Cruz Biotechnology) is generated against the bovine protein and, when compared side by side, provided much weaker G␣ tc immunostaining in mouse cones than our new antibody. Anti-PDE␥ c antibodies were raised in rabbits against the peptide sequence CSDSPSLSPPAPSQ and affinity-purified as described above. Rabbit antibodies SC-389 against G␣ t and goat antibodies sc-18413 against phosducin were purchased from Santa Cruz Biotechnology. Rabbit antibodies against rod PDE␥ were a gift from R.H. Cote (University of New Hampshire, Manchester, NH). The secondary antibodies used for immunolocalization were Alexa Fluor 594 conjugated to goat anti-rabbit antibodies; the secondary antibodies used for Western blotting were Alexa Fluor 680 conjugated to goat or donkey anti-rabbit antibodies and donkey antigoat antibodies (Invitrogen).
Animal strains and procedures. C57BL/6 pigmented wild-type mice were purchased from Charles River Laboratories. R9AP Ϫ/Ϫ mice are described in Keresztes et al. (2004) . RGS9 Ϫ/Ϫ mice and GRK1
Ϫ/Ϫ mice (Chen et al., 1999) were kindly provided by J.C.-K. Chen (Virginia Commonwealth University, Richmond, VA). Nrl Ϫ/Ϫ mice (Mears et al., 2001 ) were a gift from A. Swaroop (National Eye Institute, Bethesda, MD). Mice were maintained under the standard 12/12 h light/dark cycle and dark adapted overnight before experiments, except for GRK1 Ϫ/Ϫ mice, which were raised in complete darkness to prevent photoreceptor degeneration. All light-exposure experiments were performed with animals anesthetized and their pupils dilated as described in Lobanova et al. (2007) . Light Ͻ100 lux was delivered for 25 min from the source described in Sokolov et al. (2002) ; light of higher intensities was delivered for the same duration from the A20500 source (SCHOTT Lighting and Imaging) through fiber-optic light guides. The light intensity at the position corresponding to the mouse cornea surface was measured using a Traceable Dual-Range Light Meter (Fisher Scientific).
Immunolocalization of cone and rod transducin. Eyes were enucleated from dark-or light-adapted mice under an infrared microscope and fixed for 30 min with 4% paraformaldehyde in PBS buffer, pH 7.5. The anterior portions of the fixed eyes were removed under an infrared microscope, and the eyecups were further fixed overnight at 4°C wrapped with aluminum foil to prevent light exposure. Next day, the eyes were rinsed three times in PBS and embedded in 4% agarose (Invitrogen). One hundred-micrometer-thick cross sections from the central portion of the retina were collected with a vibratome (HM 650 V, Microm) in 24 well plates, and floating sections were then incubated for 4 h with the blocking solution containing 3% donkey serum and 0.1% Triton X-100 in PBS buffer on the orbital shaker. For detection of transducin subunits, sections were further incubated overnight with the corresponding rabbit antibodies, washed three times with PBS, incubated for 2 h with goat anti-rabbit Alexa Fluor 594 secondary antibody (1:500), washed three times in PBS, mounted with Fluoromount G (Electron Microscopy Sciences) under glass coverslips, and visualized using a Nikon Eclipse 90i confocal microscope.
Cloning, expression, and purification of recombinant proteins. Mouse G␣ tc and G␥ 8 cDNA clones were purchased from American Tissue Culture Collection. Since we have found that, as rod transducin, cone transducin could not be expressed in Escherichia coli, we constructed the chimeric cone G␣ tc /G␣ i protein analogous to the rod transducin Chi6 described in Skiba et al. (1996) and subcloned it into the pet28bϩ vector between the NcoI and EcorI restriction sites. The coding sequence of cone G␣ tc /G␣ i chimera was preceded by the MAHHHHHH tag for purification. The protein was expressed in E. coli and purified as described in Skiba et al. (1996) . The chimeric protein had the same antibody recognition epitope as G␣ tc , which allowed us to use it as the standard for G␣ tc quantification. The coding sequence of G␥ 8 lacking the last three amino acids (cleaved from the mature protein on its farnesylation in vivo) was subcloned into the pet 28bϩ vector (Invitrogen) between NdeI and EcoRI sites. G␥ 8 expression in E. coli was induced for 4 h after induction with 0.8 mM isopropyl-␤-D-1-thiogalactopyranoside for 4 h. The protein was purified using Ni-NTA beads (Qiagen) followed by gel filtration on a Superose 12 column attached to the FPLC chromatography system (Pharmacia). Phosducin was expressed and quantified as described in Sokolov et al. (2004) . Rod transducin subunits were prepared as described in Lobanova et al. (2008) . Rod PDE␥ was a gift from Rick Cote (University of New Hampshire, Manchester, NH). The PDE␥ c peptide was synthesized at Alpha Diagnostics International. The purity of all proteins was estimated to be at least 90%. The concentrations of recombinant proteins were identified spectrophotometrically at 280 nm using the following extinction coefficients (all M Ϫ1 ⅐ cm Ϫ1 ): G␥ 8 , 1490; PDE␥, 6990; PDE␥ c , 5500; phosducin, 16,530; G␣ t , 36,507; G␣ tc /G␣ i chimera, 42,207 (assuming that transducin contains a molecule of bound GDP); and G␤ 1 ␥ 1 , 58,410.
Quantitative Western blotting. Protein quantification in rods of 60-dold wild-type mice was performed as described in Lobanova et al. (2008) . For protein quantification in Nrl Ϫ/Ϫ mouse retinas from 30-d-old animals (younger animals were used to avoid any complication from the retinal degeneration that occurs in Nrl Ϫ/Ϫ mice at older ages) were harvested in 1.5 ml Eppendorf tubes, frozen in liquid nitrogen, and solubilized in 250 l of 25 mM Tris-HCl, pH 6.8, containing 2% SDS by rigorous sonication and vortexing. Total protein content in samples was measured using the RC DC Protein Assay Kit (Bio-Rad). Samples containing known amounts of total proteins were prepared by diluting them with the SDS-PAGE sample buffer, boiling them, and subjecting them to SDS-PAGE alongside standard samples containing known amounts of protein.
Preparation of AAV and subretinal injections. The mouse rhodopsin cDNA was subcloned under cone preferential promoter PR2.1 (Li et al., 2008) in a standard adeno-associated virus (AAV) vector (pTR-PR2.1-mRhodopsin). The vector was packaged in AAV serotype 5 virions and purified according to previously reported methods (Zolotukhin et al., 2002) . A mixture of 0.5 l of AAV5-PR2.1-mRho and 0.5 l of AAV5-PR2.1-GFP was coinjected subretinally in one eye of 3-week-old C57B/L mice. The vector titers of AAV5-PR2.1-mRho and AAV5-PR2.1-GFP were 4.3 ϫ 10 13 and 8.4 ϫ 10 12 virus genome/ml, respectively. The procedures for subretinal injections have been described previously (Timmers et al., 2001) . Mice were killed 4 weeks after injection, and infected areas of their retinas were identified under a fluorescence microscope based on the green fluorescent protein (GFP) fluorescence signal and processed as above for G␣ tc immunostaining.
Electroretinography. Electroretinography (ERG) signals were recorded using the Espion E 2 system (Diagnosys) according to published methods (Saszik et al., 2002) essentially as described in Lobanova et al. (2008) . Dark-adapted mice were anesthetized by intraperitoneal injection of a ketamine/xylazine mixture (75/10 mg/kg), their pupils were dilated with 1% cyclopentolate-HCl, 2.5% phenylephrine, and a drop of Gonak solution (Akorn) was placed on the cornea. The recording electrode was a silver fiber, and the reference electrode was a toothless alligator clip attached to the mouse cheek. Background illumination of 40 lux and test flashes producing 1000 cd ⅐ s/m 2 were generated by the Espion ColorDome ganzfeld illuminator (Diagnosys LLC). Background light ranging from 400 to 7000 lux was generated by the A20500 illuminator described above. Traces were processed with a 40 Hz high-frequency cutoff filter to remove oscillatory potentials. Animals were kept on a thermal blanket during the entire procedure.
Results

Why transducin does not translocate in cones: the hypothetical framework
To explain our experimental strategy for elucidating why transducin does not translocate in cones, we first have to introduce the underlying translocation mechanism in rods (for review, see Burns and Arshavsky, 2005; Calvert et al., 2006; Fain, 2006; Artemyev, 2008; Slepak and Hurley, 2008) . This mechanism is based on the difference in membrane affinities between the ␣␤␥ heterotrimer of transducin and its individual ␣-and ␤␥-subunits (G␣ t and G␤ 1 ␥ 1 , respectively). As illustrated in Figure 1 A, in dark-adapted rods the transducin heterotrimer is tightly associated with the membranes of photoreceptor outer segment discs due to the combined action of two lipid modifications: an acyl group on G␣ t and a farnesyl group on G␥ 1 . On transducin activation by photoexcited rhodopsin, G␣ t binds GTP and separates from G␤ 1 ␥ 1 . Because each individual subunit has only one lipid modification, their membrane affinities become significantly reduced, allowing their dissociation from the disc membranes and subsequent diffusion from the outer segment through the rod cytoplasm (see Kosloff et al., 2008 for a recent detailed analysis of transducin interactions with membranes). However, this does not happen in light of dim-to-moderate intensity, in which the concentration of activated transducin does not exceed the concentration of its effector, cGMP phosphodiesterase (PDE). This is because PDE retains G␣ t on the disc membranes via its own lipid modifications (Anant et al., 1992) and also serves as a cofactor for the GTPase activating protein RGS9 (Skiba et al., 2000) , which rapidly inactivates G␣ t , leading to immediate restoration of transducin heterotrimer.
The situation changes dramatically in light of sufficient intensity to activate transducin in excess of PDE (Fig. 1 B) . The "additional" transducin can neither be retained on the discs by PDE nor be efficiently inactivated by RGS9. Consequently, the transducin subunits remain separated from PDE and from one another for a sufficient time to dissociate from the disc membranes and diffuse from the outer segment. This explains why transducin translocation in rods is triggered only when the intensity of steady illumination reaches a critical threshold level (Lobanova et al., 2007) . Consistent with this framework, the threshold level can be reduced in mice having PDE replaced with a mutant that binds G␣ t ⅐ GTP with reduced affinity (Lobanova et al., 2007) . This level can also be reduced in mice lacking RGS9, in which transducin inactivates slower than normally, leading to an elevated steady-state transducin activation level (Kerov et al., 2005; Lobanova et al., 2007) , or can be increased in mice overexpressing RGS9, thereby inactivating transducin at a faster rate (Lobanova et al., 2007) .
Assuming that the same logic applies to cone-specific isoforms of the transducin subunits (G␣ tc and G␤ 3 ␥ 8 ), the inability of cone transducin to translocate even in very bright light suggests that its activation level never exceeds the critical level required for initiating translocation under any condition of steady illumination. This would be possible under two hypothetical scenarios. First, it is conceivable that cones contain much more PDE than rods, so that a larger number of activated transducin molecules could be retained on the discs by PDE. Second, it is possible that cones exert a much tighter control of the transducin activation/inactivation cycle than rods, so that the concentration of activated transducin cannot exceed that of PDE more than momentarily. Both hypotheses were evaluated in our study.
Rods and cones have comparable molar ratios of PDE and transducin
In the first set of experiments, we explored the relative expression levels of transducin and PDE in mouse cones. The low abundance of cones in normal mouse retinas makes quantification of conespecific proteins very difficult. Therefore, we conducted these measurements in mice lacking the transcription factor Nrl, in which all photoreceptors closely resemble S-cones (Mears et al., 2001; Daniele et al., 2005; Nikonov et al., 2005) . Most importantly, these cone-like photoreceptors have three hallmark properties of cones that make them an adequate model for studying cone transducin translocation mechanisms. They express cone isoforms of visual pigments, transducin and phosphodiesterase, display cone-like parameters of photoresponses, and, like cones, cannot be blinded by bright light and lack transducin translocation under any conditions of illumination. The latter was thoroughly documented by Rosenzweig et al. (2007) , who used a broad range of illumination conditions including those photoexciting Ͼ70% of the visual pigment. The molar ratios among cone transducin ␣-subunit (G␣ tc ), cone transducin ␥-subunit (G␥ 8 ), and cone PDE ␥-subunit (PDE␥ c ) in Nrl Ϫ/Ϫ retina lysates was determined by quantitative Western blotting using the corresponding recombinant proteins as standards ( Fig. 2A-C) . We also measured the amount of phosducin, the photoreceptor-specific protein previously shown to assist the light-driven translocation of G␤ 1 ␥ 1 in rods (Sokolov et al., 2004) (Fig. 2 D) . The data averaged from six experiments indicated that the molar ratios among these four proteins are (mean Ϯ SD): PDE␥ c , 1; G␣ tc , 6.0 Ϯ 0.3; G␥ 8 , 4.0 Ϯ 0.4; phosducin, 5.7 Ϯ 0.1. For consistency, we applied the same quantification protocol to measure the ratios among the corresponding rodspecific proteins in wild-type mice (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material) and found them to be as follows (mean Ϯ SD; n ϭ 2): PDE␥, 1; G␣ t , 9.2 Ϯ 0.4; G␥ 1 , 9.3 Ϯ 0.6; phosducin, 8.8 Ϯ 0.4. These are within the range of several previous quantifications in the mouse (Sokolov et al., 2004; Krispel et al., 2007; Lobanova et al., 2008) . These measurements indicate that the molar ratio between PDE and transducin ␣-subunit in Nrl Ϫ/Ϫ cones is only ϳ1.5-fold higher than the corresponding ratio in rods and that, just like rods, cones contain approximately equimolar amounts of transducin and phosducin. This is generally consistent with a previous report that the molar ratio between cone PDE and visual pigment in the cone-rich chipmunk retina is comparable to the corresponding ratio of the rod proteins in the mouse and bovine retinas (Zhang et al., 2003) . Therefore, cones contain significantly more transducin than PDE, and the lack of cone transducin translocation cannot be explained by its complete retention in a stoichiometric complex with PDE.
Knockout of the GTPase activating complex enables transducin translocation in cones
We next tested our second hypothesis that cone transducin does not translocate because its activated, GTP-bound fraction remains below the critical threshold level under all conditions of steady illumination. The amount of activated transducin is set by the rate of its activation by photoexcited visual pigment and the rate of its inactivation through GTP hydrolysis; each of these rates might be different in rods and cones.
We first evaluated the impact of transducin's inactivation rate, inspired by reports that cones express more RGS9 than rods (Cowan et al., 1998) and that, in rods, the knockout of RGS9 lowers the threshold light intensity required for initiating transducin translocation (Kerov et al., 2005; Lobanova et al., 2007) . We analyzed transducin translocation in cones of the R9AP knock-out mouse, which lacks all three proteins forming the GTPase activating complex for transducin: RGS9, G␤5, and R9AP (Keresztes et al., 2004) . In striking contrast to wild-type cones, R9AP Ϫ/Ϫ cones displayed significant translocation of both transducin subunits (Fig. 3) . Strong G␣ tc and G␥ 8 immunostaining was detected in cone inner segments, around the nuclei and at the synaptic terminals. These data provide the first demonstration that transducin can translocate in physiologically intact mouse cones and establish that transducin's inactivation rate serves as a critical factor precluding its translocation in wild-type mouse cones.
As in rods, transducin translocation in R9AP Ϫ/Ϫ cones was observed only when the intensity of steady illumination exceeded a critical level, with the first signs of translocation observed in the light intensity range of 2000 -4000 lux at the cornea surface, slightly varying among individual animals (Fig. 4 , upper panel; see also Fig. 7B ). This result explains why Rosenzweig et al. (2007) , who used a single light intensity of 500 lux, did not observe cone transducin translocation in an essentially identical model, the RGS9 knock-out mouse. Our own control experiments with RGS9 Ϫ/Ϫ mice demonstrated that robust G␣ tc translocation from cone outer segments can be induced by sufficiently bright light (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Importantly, the light intensity threshold for transducin translocation in R9AP Ϫ/Ϫ cones was ϳ1000-fold higher than that required to initiate transducin translocation in rods of the same mice (Fig. 4, bottom) . Considering that the absence of RGS9 similarly slows the inactivation rates of the rod and cone responses (Lyubarsky et al., 2001 ), this result suggests that to achieve concentrations of activated transducin comparable to PDE in cones and rods, it is necessary to photoexcite substantially more cone than rod pigment. Since electrophysiological studies indicate that the initial rates of transducin activation by rod and cone pigments in the mouse are not more than approximately twofold different (Nikonov et al., 2006 ) (see Discussion for more detail), this led us to suggest that the vast difference in transducin translocation thresholds is explained by a much shorter lifetime of the cone visual pigment in its photoexcited state. We tested this hypothesis in the next series of experiments.
Knockout of rhodopsin kinase affects transducin translocation in rods but not in cones
Although the photoexcited intermediates of both the rod and cone visual pigments (R r * and R c *, respectively) are able to inactivate themselves through thermal decay, the rate of inactivation can be enhanced by a two-step biochemical mechanism consisting of pigment phosphorylation by rhodopsin kinase and the subsequent binding of arrestin, which completely blocks the pigments' ability to activate transducin (for review, see Arshavsky, 2002; Gurevich and Gurevich, 2003; Maeda et al., 2003) . In the mouse, rods and cones express the same rhodopsin kinase isoform, GRK1 (Weiss et al., 2001) , which enabled us to analyze the impact of this mechanism on transducin translocation in rods and cones using the same GRK1 knock-out mouse model.
The data presented in Figure 5 A, B demonstrate that rod transducin translocation in GRK1 Ϫ/Ϫ animals is initiated at approximately twofold to threefold dimmer light than in wildtype mice. This is similar to the effect caused by the knockout of R9AP (Lobanova et al., 2007) and suggests that each of the phototransduction inactivation mechanisms-R r * phosphorylation by GRK1 and transducin GTPase acceleration by RGS9 -make comparable contributions to setting the steadystate level of activated transducin in rods subjected to bright, steady illumination.
In contrast, the knockout of GRK1 did not allow transducin translocation in cones under a broad range of steady illumination, including ϳ20-fold brighter light than that required to initiate transducin translocation in R9AP Ϫ/Ϫ cones (Fig. 5C ). This observation indicates that the "classic" GRK1/arrestin-dependent mechanism of R c * inactivation plays a lesser role than transducin inactivation by RGS9 in setting the steady-state level of activated transducin in cones exposed to bright light. It further suggests that the rod/cone differences with respect to transducin translocation may originate from other properties of their photoexcited visual pigments, for example, the different rates of their spontaneous thermal decay (Shichida et al., 1994; Imai et al., 1997) .
Light-driven transducin translocation in cones can be induced by expression of rod visual pigment
To evaluate whether the rod/cone difference in regard to transducin translocation is largely explained by the intrinsic molecular properties of their visual pigments, we tested whether transducin translocation in cones can be triggered by the expression of rod pigment (rhodopsin). This approach was possible because previous studies with genetically manipulated animals demonstrated that rod pigment can activate cone transducin and cone pigment can activate rod transducin in intact photoreceptors (Kefalov et al., 2003; Rosenzweig et al., 2007; Sakurai et al., 2007; Shi et al., 2007; Deng et al., 2009 ). To express rhodopsin in cones, we took advantage of the recently developed technique of adeno-associated, virus-mediated gene delivery to the mouse retina and driving expression with the cone opsinspecific promoter (Alexander et al., 2007) . Three-week-old wildtype mice were infected by subretinal virus injections, and transducin translocation in their cones was analyzed 4 weeks later. Representative images in Figure 6 indicate that light exposure caused efficient transducin translocation in the majority of cones from the infected region of these animals' retinas. The lowest light intensity sufficient to induce this effect was 200 lux, which is 10 -20-fold lower than for R9AP Ϫ/Ϫ mice. These data indicate that even in cones in which both rod and cone visual pigments coexist, the critical level of transducin activation required for translocation is achieved at much dimmer illumination than in cones in which transducin inactivation is slowed. Therefore, the differences in the intrinsic properties of rod and cone visual pigments indeed serve as the most important factor allowing transducin translocation in rods and preventing it in cones.
Light intensities required for cone transducin translocation in R9AP
؊/؊ mice saturate cone light responses Elucidating the conditions required to induce transducin translocation in cones allowed us to directly evaluate another key prediction of the mechanism illustrated in Figure 1 . If transducin translocation is indeed triggered just as its activation level exceeds that of PDE, then a background light intensity at or above the translocation threshold is predicted to make cones insensitive to Ϫ/Ϫ mice were either dark adapted or exposed to 25 min of illumination from a calibrated light source producing a light intensity of 100,000 lux at the cornea surface. Animals were killed, eyes fixed, and retina cross sections stained with antibodies against G␣ tc (top panels) or G␥ 8 (bottom panels). Note that weak G␥ 8 immunostaining was observed in cone synaptic terminals of wild-type and dark-adapted R9AP Ϫ/Ϫ mice, perhaps due to its engagement into G␤␥ complexes distinct from transducin. However, this signal was further enhanced in light-adapted R9AP Ϫ/Ϫ cones. The subcellular compartments of the cone are labeled as follows: OS, Outer segment; IS, inner segment; N, nucleus; ST, synaptic terminal.
any further light stimuli. This is because all available PDE molecules are already activated by transducin: any further increases in the level of photoexcited visual pigment therefore could not be translated into changes in PDE activity, cGMP concentration, and channel permeability. We tested this prediction in R9AP Ϫ/Ϫ mice using ERG, which is a noninvasive electrophysiological technique that allows monitoring of the light-evoked activity of retinal neurons by an electrode positioned at the corneal surface (Saszik et al., 2002 ). An ERG signal consists of an initial negative deflection (a-wave) originating primarily from the light-dependent suppression of the circulating current in photoreceptor outer segments and a subsequent positive deflection (b-wave) reflecting the amplified response of the downstream ONbipolar cells. In a typical experiment (Fig.  7) , we recorded ERGs from an anesthetized mouse subjected first to 40 lux illumination completely saturating its rods (Lyubarsky et al., 1999) , then to a step of brighter light either below or above the transducin translocation threshold, and finally to 40 lux again. Control experiments conducted with wild-type mice revealed the presence of distinct conedriven ERG responses at all tested light intensities (Fig. 7B,C) . ERGs from R9AP Ϫ/Ϫ mice were very similar both at 40 lux (although signals recovered somewhat slower, perhaps reflecting slower recovery of photoresponses) and up until the light intensity reached a level of 2000 lux, at which point they became completely unresponsive to light. Control immunostaining of retinas collected immediately after the last ERG recording (Fig. 7B , side panels) demonstrated that first signs of transducin translocation were evident at this very light intensity. These results provide striking evidence that the level of transducin activation required for its translocation indeed saturates the biochemical phototransduction cascade and renders these cells insensitive to light.
The blinding effect of bright light on R9AP Ϫ/Ϫ cones was reversible since cone-driven ERGs recorded from these animals after returning to the 40 lux background light were comparable to those recorded from wild-type mice (Fig. 7B, lower traces) . Under this condition, both animal types displayed smaller responses Ϫ/Ϫ (A) and wild-type mice (B) were either kept in the dark or exposed to 25 min illumination from a calibrated light source producing the light intensities indicated above the panels. Animals were killed and retina cross sections were stained with antibodies against G␣ t . C, A similar protocol using brighter illumination levels was applied to GRK1 Ϫ/Ϫ mice, and the sections were stained with antibodies against G␣ tc .
than those recorded during the initial 40 lux exposure, which is likely to be explained by bright light bleaching significant fractions of their cone pigments and/or evoking long-lasting adaptive effects in the retina. It is also worth noting that our previous study demonstrated that rods that have recovered from saturating illumination causing transducin translocation produce less sensitive ERG a-waves than they did before illumination, which we interpreted as a reflection of the decreased transducin activation rate caused by translocation (Sokolov et al., 2002) . We then observed that the cone a-wave restoration in R9AP Ϫ/Ϫ mice was less pronounced than in wild-type mice in essentially all animals subjected to the brightest light condition. However, we could not analyze this effect quantitatively due to very small size of these signals and the fact that, unlike rod a-waves, cone a-waves originate from both cones and the downstream OFF-bipolar cells (Sharma et al., 2005) .
Discussion
Rods and cones have distinctly different roles in the visual system. While rods are primarily responsible for operating under limited lighting conditions, cones take over in daylight and provide better temporal and spatial resolution than rods. Yet the entire retina becomes exposed to bright light during the daytime, and both cell types must adjust their biochemical behavior to cope with this condition. One challenge they face is to efficiently control very large amounts of activated transducin. Photoreceptors express more G-protein than any other cells, which allows them to maximize the rate of transducin activation by photoexcited visual pigments and produce reliable responses in dim light (for review, see Arshavsky et al., 2002) . However, high gain of transducin activation presents a challenge in bright light when large amounts of activated transducins could easily saturate the photoresponse. Rods and cones approach this challenge differently. In rods, the gain of transducin activation can be reduced via light-driven transducin translocation, which takes place when the amount of activated transducin in rods exceeds a critical level. We now demonstrate that genetic manipulations increasing the level of activated transducin in cones allow vigorous translocation as well, but these conditions also render cones insensitive to light. This situation is avoided in wild-type cones through an extremely rigid control of transducin's activation/inactivation cycle by its upstream activator, the photoexcited pigment, and its downstream inactivator, RGS9.
The central role of rapid R c * inactivation in preventing transducin translocation in cones Although we were able to induce robust transducin translocation in mouse cones either by boosting transducin activation (via expression of rod visual pigment) or by slowing its inactivation (via knocking out the R9AP or RGS9 genes), the former produced a much stronger effect, inducing translocation at ϳ10-fold dimmer light (ϳ200 vs ϳ2000 lux). In these experiments, the amounts of rhodopsin expressed in cones varied from cell to cell and were unlikely to have ever reached the expression level of normal cone pigment. Therefore, the fact that even fractional expression of rhodopsin in cones allows translocation at ϳ200 lux predicts that full levels of rhodopsin expression would trigger transducin translocation at a light intensity even closer to the 8 -10 lux range of wild-type rods. This suggests that the rod/cone differences in transducin translocation can be attributed primarily to specific differences in the properties of their visual pigments.
There are three non-mutually exclusive theoretical mechanisms that could explain why rhodopsin expression in cones makes transducin translocation possible: (1) more efficient pigment photoexcitation by white light; (2) a higher rate of transducin activation; and (3) a longer lifetime of the photoactivated pigment intermediate R r *. The first is likely to be insignificant for the majority of mouse cones that express the M-cone opsin, the absorbance spectrum of which is only ϳ10 nm different from that of rhodopsin (Yokoyama and Yokoyama, 2000) . The other two mechanisms are supported by many published studies.
Although both biochemical and electrophysiological studies in fish suggest that R c * activates transducin at a significantly lower rate than R r * (Tachibanaki et al., 2001; Kawamura and Tachibanaki, 2008) , this difference is much smaller in mammals. Comparative measurements of signal amplification by single-cell recordings indicated that the rate of transducin activation in mouse cones is only approximately twofold slower than in rods (Nikonov et al., 2006) . This leads us to conclude that the key property of rhodopsin that drove transducin translocation in mouse cones is the long lifetime of its R r * state.
A photoexcited pigment can be inactivated through either thermal decay or the biochemical mechanism of phosphorylation/arrestin binding. The fact that the thermal decay of R c * is much more rapid than that of R r * is well documented in spectroscopic studies (Shichida et al., 1994; Imai et al., 1997) . Single-cell recordings further strengthened this conclusion by demonstrating that the delay in photoresponse recovery caused by the knockout of GRK1 and/or arrestin(s) is strikingly more significant in rods than in cones, indicating that the spontaneous decay rate of R c * is much high than that of R r * (Xu et al., 1997; Chen et al., 1999; Lyubarsky et al., 2000; Nikonov et al., 2005 Nikonov et al., , 2008 . For example, arrestin-independent photoresponse inactivation is 70-fold more rapid in cones than in rods (Nikonov et al., 2008) . Pigment phosphorylation was also shown to occur much faster in cones than in rods, at least in the fish species where a direct comparison was performed (Tachibanaki et al., 2001 (Tachibanaki et al., , 2005 Kennedy et al., 2004) . Therefore, our conclusion that the lack of transducin translocation in cones is explained primarily by a Figure 6 . Cone transducin translocation in cones expressing rod visual pigment. Representative G␣ tc immunostaining in retina sections obtained from wild-type mice coinfected with AAV5-PR2.1-mRhodopsin and AAV5-PR2.1-GFP. A total of 13 animals were tested in thedarkoratarangeoflightintensitiesfrom10to100,000lux.Animalswerekilledandtheireyesfixed.Retinacrosssectionswereobtained from portions of the retina displaying the brightest GFP fluorescence and stained with antibodies against G␣ tc . much shorter lifetime of R c * than R r * is well consistent with all available data. But how to reconcile this conclusion with our new result that the knockout of GRK1 promotes transducin translocation in rods but not cones?
Multiple biochemical studies demonstrated that, both in rods and cones, rhodopsin kinase can be easily saturated by its substrate, R*, and the phosphorylation rate of individual R* molecules falls drastically as the light intensity approaches the levels required for transducin translocation (e.g., Sitaramayya and Liebman, 1983; Binder et al., 1990; Kennedy et al., 2001; Kennedy et al., 2004) . Therefore, our data do not contradict the critical role of R c * inactivation through phosphorylation/arrestin binding in shaping cone photoresponses to dim-to-moderate light (Nikonov et al., , 2008 . Rather, they suggest that the balance between this classic inactivation mechanism and pigment thermal decay shifts toward the latter on an increase in illumination intensity. Accordingly, the steady-state level of activated transducin in bright light is critically dependent on the thermal decay rate of R*, which is much more rapid in cones.
Other factors potentially affecting transducin translocation in cones
The critical role of R c * lifetime in precluding cone transducin translocation does not exclude additional contributions from other mechanisms. One is the faster rate of transducin inactivation in cones than in rods. Single-cell recordings indicate that cones recover from excitation twofold to threefold faster than rods (Nikonov et al., 2006) , and biochemical estimates show that cones contain approximately fourfold more RGS9 [1:62 molar ratio to cone opsin in the chipmunk (Zhang et al., 2003) vs 1:269 ratio to rhodopsin in the mouse (Martemyanov et al., 2008) ]. Another factor may be the ϳ1.5-fold higher molar ratio between PDE and transducin documented in this study, which would allow cones to activate ϳ50% more transducin until a fraction of activated ␣-subunit would exceed the capacity of PDE to retain it on the disc membranes. Finally, transducin translocation in cones may be impeded by the nature of G␣ tc lipid modification. While the entire pool of G␣ tc is myristoylated (Rosenzweig et al., 2007) , up to ϳ90% of G␣ t in rods is modified by less lipophilic acyl groups (Neubert et al., 1992) . Myristoylation of G␣ t or G␣ tc does not block their ability to translocate (Rosenzweig et al., 2007) , yet myristoylated G␣ t in rods translocates less efficiently than G␣ t modified by less lipophilic species (Lobanova et al., 2007) .
On the other hand, it is unlikely that cone transducin does not translocate because its subunits do not separate on activation (Rosenzweig et al., 2007) , a hypothesis adopted after not detecting transducin translocation in RGS9 Ϫ/Ϫ cones. We now demonstrate that cone transducin vigorously translocates in RGS9 Ϫ/Ϫ mice exposed to light of sufficient intensity, as well as in cones expressing the rod visual pigment. Because neither genetic manipulation affected cone transducin directly, the inability of transducin to translocate in wild-type cones can be sufficiently explained by the specific parameters of its activation/inactivation cycle rather than the separation pattern of its subunits.
Physiological advantages and disadvantages of transducin translocation as a light adaptation mechanism
The fact that transducin translocates in wild-type rods but not cones is not immediately intuitive. Rods adopt this mechanism for extending the range of their light responsiveness and may also benefit from preventing excessive energy consumption by the phototransduction cascade when they contribute little to vision Figure 7 . Evaluation of cone light responses at background light below and above transducin translocation threshold in R9AP knock-out mice. ERGs evoked by test flashes producing 1000 cd ⅐ s/m 2 were recorded from wild-type C57BL/6 or R9AP Ϫ/Ϫ mice according to the protocol illustrated in A: first after subjecting animals to 3 min illumination at 40 lux, which is sufficient to completely suppress rod-driven responses, next after applying bright light of the various intensities indicated for 25 min, and finally after returning to 40 lux illumination for a period of 6 min (first flash applied 1 min after cessation of bright light). The period between all flashes was 1 min, which was sufficient for complete response recovery from the preceding flash. Animals were killed immediately after completing ERG recordings, and their retinas were processed for G␣ tc immunostaining. (for review, see Burns and Arshavsky, 2005; Calvert et al., 2006; Fain, 2006; Artemyev, 2008; Slepak and Hurley, 2008) . Cones customarily operate in brighter light than rods and would appear to benefit even more from adjusting signal amplification of their photoresponses under these conditions. However, we now demonstrate that cone transducin only translocates under conditions blinding the cell. Thus, to perform translocation, a cone has to remain unresponsive to light for the many minutes required for transducin to move away from the outer segment. Clearly, such a condition is not compatible with physiological behavior of normal cones, which are never blinded by light and completely adapt to ambient illumination of the brightest intensity within a period of only a few seconds (Rodieck, 1998) . Rods, on the other hand, contribute little to daytime vision, and their saturation by bright light, required for transducin translocation, does not impair the overall visual function of a typical vertebrate animal. Thus, the presence or absence of transducin translocation can be viewed as an evolutionary adaptation of each photoreceptor type: translocation allows rods to transition into a deeply light-adapted, energy-saving mode, while its absence in cones enables them to avoid blindness under all natural conditions.
